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Baltimorr. Maphrnd 
Recent evidence suggests that oxygen free radicals gener- 
ated during ischemia or reperfusion may contribute to 
myocardial dysfunction after brief coronary occlusion 
(“myocardial stunning”). Because neutrophil leukocytes 
represent a potential source of oxygen radicals, the concept 
of whether depletion of neutrophils could attenuate myo- 
cardial stunning after 10 min of ischemia was examined. In 
16 anesthetized dogs, the left anterior descending coronary 
artery was perfused by an extracorporeal circuit, either 
with (n = 8) or without (n = 8) neutrophil filters in the 
perfusion line. The group with filters had near total absence 
of neutrophils in blood perfusing the left anterior descend- 
ing coronary artery territory (16 f 8 versus 1,826 f 399/@ 
in the control group). Systolic myocardial shortening and 
end-systolic pressure-segment length relations were re- 
corded during rest conditions and during incremental in- 
tracoronary infusion of dobutamine (5 to 15 &min) before 
and after 10 min of coronary flow occlusion. 
Before coronary occlusion, systolic myocardial shorten- 
ing at rest was similar in control (15.4 + 1.7%) and 
neutropenic (12.4 f 2.2%) groups. Dobutamine (15 pg/ 
min) resulted in increased shortening in both control (18.2 
f 1.4%, p c: 0.01) and neutropenic (15.8 + 1.5%, p < 
After brief coronary occlusion, persistent myocardial dys- 
function occurs, despite the absence of severe ultrastruc- 
tural damage to the myocytes and the return of normal 
coronary perfusion (l-3). Although the mechanism of myo- 
cardial stunning is unknown. several reports (4-7) suggest 
that oxygen free radicals may play a role. Pretreatment with 
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Dysfunction After 
0.05) groups and in a leftward shift of the end-systolic 
pressure-length relation. During coronary occlusion, collat- 
eral coronary flow to the left anterior descending coronary 
artery territory was not significantly different in the control 
(0.10 + 0.03 mlimin per g) and neutropenic (0.18 + 0.06 
ml/min per g) groups. 
After 20 min of reperfusion, myocardial shortening was 
equally reduced in both groups (control 5.6 -t 2.8%; 
neutropenic 4.5 + 2.4%, p = NS versus control), and the 
end-systolic pressure-length relation was similarly shifted 
to the right, consistent with reduced myocardial contractil- 
ity. Intracoronary dobutamine (15 pglmin) produced sim- 
ilar increases in systolic shortening in the two groups 
(control 10.8 f 1.6%, p < 0.01 versus rest; neutropenic 9.6 
+ 2.6%, p < 0.01 versus rest; p = NS versus control). 
However, myocardial shortening remained less than preoc- 
elusion levels and the end-systolic pressure-length relations 
remained shifted to the right, indicating persistent contrac- 
tile dysfunction in both groups. These observations do not 
support a major role for neutrophil leukocytes in the 
pathogenesis of myocardial stunning after brief coronary 
occlusion. 
(J Am Co11 Cardiol1989;13:1155-63) 
free radical scavengers, including superoxide dismutase and 
catalase (4-6) or dimethylthiourea (8), has been shown to 
limit the degree of myocardial dysfunction after brief periods 
of ischemia in the dog. Desferrioxamine, an inhibitor of 
hydroxyl radical formation through the Fenton reaction, also 
reduces myocardial stunning after brief coronary occlusion 
(9.10). Most recently, the spin-trap studies of Bolli et al. (11) 
demonstrated evidence of free radical generation in stunned 
myocardium. 
Although there are several possible sources of free radical 
production in the heart, the two most important appear to be 
the xanthine oxidase reaction (12,13) and the neutrophil 
nicotinamide adenine dinucleotide phosphate (NADPH) ox- 
idase reaction (14,15). Activated neutrophils are believed to 
play a major role in reperfusion injury after myocardial 
ischemia of prolonged duration (16-22) and could also be 
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important in the pathogenesis of myocardial dysfunction 
after shorter periods of ischemia (23). Current evidence 
indicates that subcellular constituents of injured myocar- 
dium can bind the first component of complement, with 
subsequent activation of the complement cascade and gen- 
eration of the neutrophil chemotactic fragment CSa (24,25). 
However, the 10 to 15 min of ischemia required to produce 
myocardial stunning may be too brief to activate neutrophils, 
since neither myocyte necrosis nor significant damage to the 
vascular endothelium has yet occurred (2628). This is 
consistent with recent studies (24) showing no significant 
increase in complement binding in myocardium after ische- 
mia of only 10 to 15 min duration. 
The purpose of this study was to examine the role of 
neutrophils in the mediation of myocardial stunning after a 
single coronary occlusion of 10 min duration. Depletion of 
circulating neutrophils was achieved by use of extracorpo- 
real filters, and a pretreatment period was employed to 
ensure severe neutropenia before coronary occlusion. Re- 
gional myocardial function before and after ischemia was 
measured by both systolic segment shortening and the 
load-independent end-systolic pressure-segment length rela- 
tion (29,30). In addition, the contractile reserve of the 
postischemic myocardium in response to graded intracoro- 
nary infusion of dobutamine was compared in control and 
neutropenic groups. 
Methods 
Instrumentation. Nineteen mongrel dogs, weighing 20 to 
25 kg, were anesthetized with intravenous sodium thiamylal 
(12.5 mg/kg body weight), followed by intramuscular alpha- 
chloralose (14 mglkg) in urethane (136 mg/kg), and were 
intubated and ventilated with air and oxygen. Catheters were 
placed in the right femoral vein for maintenance saline 
infusion and in the right carotid artery for withdrawal of 
microsphere reference flow samples. A large fluid-filled 
catheter was placed in the right femoral artery and con- 
nected to an extracorporeal circuit for coronary perfusion. 
After a left thoracotomy, the heart was suspended in a 
pericardial cradle and a fluid-filled catheter placed in the left 
atrium for microsphere injections. A catheter-tip pressure 
transducer (Miller PC-350) was introduced into the left 
atrium through a silicone catheter and advanced across the 
mitral valve into the left ventricle for measurement of 
pressure and its first derivative against time (dP/dt). A 
mechanical snare was then placed around the ascending 
aorta to allow alteration of left ventricular afterload during 
the determination of end-systolic pressure-segment length 
relations. 
A pair of 5 MHz cylindrical piezoelectric crystals (0.06 in. 
(0.15 cm) long, 0.015 in. (0.38 cm) thick; Vernitron) was 
implanted in myocardium perfused by the left anterior de- 
scending coronary artery. The crystals were placed in the 
,# coronary Pressure 
Artery Pump 
Figure 1. Extracorporeal circuit used to produce neutropenia in 
blood perfusing the left anterior descending artery (LAD). Four 
neutrophil filters were placed in the perfusion line. The sites of 
injection of microspheres and reference blood sampling are indi- 
cated by the syringes (arrows). Coronary perfusion pressure was 
measured at the cannula tip. LCX = left circumflex artery. 
midwall of the left ventricle, 10 to 15 mm apart, and oriented 
parallel to the short axis of the left ventricle. Segment 
lengths were measured continuously with a pulse transit 
sonomicrometer (Sono-1-XB, James Davis Consultants 
North Carolina). 
Coronary perfusion and neutrophil depletion. The left 
anterior descending coronary artery was perfused by an 
extracorporeal circuit (Fig. 1). In 10 of the 19 dogs, the 
circuit included four neutrophil filters (Imugard IG500, Te- 
rumo Co., Japan) to produce near total neutrophil depletion 
in blood perfusing the left anterior descending coronary 
artery territory. In all dogs before coronary perfusion, 500 
ml of 10% dextran in 5% dextrose (Abbott Laboratories) was 
administered intravenously to accomodate the dead space of 
the perfusion circuit. A further 250 ml of dextran was given 
to accomodate the filters in the neutrophil depletion group. 
The animals then underwent anticoagulation with sodium 
heparin (5,000 U intravenously), and the circuit was primed 
with blood from the femoral artery. The proximal left 
anterior descending artery was then ligated and the distal 
artery cannulated with a stainless steel cannula (2.5 mm 
inner diameter, 2.6 mm outer diameter). Typically, the time 
required for cannulation and restoration of coronary perfu- 
sion was <2 min and was always followed by rapid return of 
regional systolic shortening to precannulation levels. Blood 
was pumped from the femoral artery through the neutrophil 
filters (if present) to a reservoir, which was pressurized to 
maintain a stable coronary perfusion pressure at levels 
similar to mean arterial pressure during rest conditions. 
Blood leaving the reservoir passed through a calibrated, 
cannulating, electromagnetic flow probe before entering the 
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left anterior descending artery. The flow signal was analyzed and myocardial segment length during gradual traction on 
by a sine wave flowmeter (Biotronix BL-613). Coronary the aortic snare. Traction was applied to effect a graded 50 to 
perfusion pressure was measured at the tip of the coronary 70 mm Hg increase in peak left ventricular systolic pressure 
cannula by an intraluminal catheter connected to a pressure over IO s, without the occurrence of ventricular ectopic 
transducer (Statham P23Db). beats. 
Regional myocardial blood flow. Regional myocardial 
blood flow in both the circumflex and left anterior descend- 
ing coronary artery territories was measured before and after 
coronary occlusion with use of 15 pm microspheres labeled 
with one of several radionuclides (cesium- 141, tin-l 13, ru- 
thenium- 103, gadolinium- 153, scandium-46 or niobium-95; 
DuPont) and reference arterial sampling (31). Microspheres 
were suspended in physiologic saline solution, and after 5 
min of mechanical agitation, 3 to 5 million microspheres 
were injected into the left atrium. while a reference sample 
was withdrawn from the carotid artery at 2.16 mlimin. 
During microsphere flow measurements, the perfusion cir- 
cuit pump withdrawing blood from the femoral artery was 
temporarily turned off, while coronary perfusion continued 
from the reservoir. Differently labeled microspheres were 
simultaneously injected into the left anterior descending 
coronary perfusion line, downstream from the reservoir, 
with reference sampling a further 1 m downstream at the 
same rate of 2.16 mlimin. 
Myocardial contractile reserve during beta-adrenergic 
stimulation was then evaluated by graded intracoronary 
infusion of dobutamine (Eli Lilly), which was infused by 
syringe pump (Harvard Equipment) into the distal left ante- 
rior descending coronary perfusion line at rates of 5, 10 and 
15 pg/min. At least 5 min was allowed at each infusion rate 
in order for coronary flow and myocardial shortening to 
stabilize at the new level before hemodynamic recordings 
and end-systolic pressure-segment length measurements 
were repeated. A period of approximately 45 min was 
required to complete this series of measurements, after 
which the dobutamine infusion was stopped and hemody- 
namic values were allowed to return to control levels. 
At the end of the experiment, the heart was excised and 
fixed in 10% formalin for 1 week. Myocardial samples (0.5 to 
1 .O g) were taken from both the left anterior descending and 
circumflex coronary artery territories and divided into endo- 
cardial. midwall and epicardial sections for weighing and 
radionuclide counting in a well spectrometer (model 5986, 
Packard) with correction for overlap of radionuclide photo- 
peaks. 
Experimental protocol. Of the 19 dogs instrumented, 3 (2 
neutropenic and 1 control) died of ventricular fibrillation 
during ischemia or initial reperfusion. Complete studies 
were, therefore, available in eight control dogs and eight 
neutropenic dogs. In all animals, a 20 min recovery period 
was allowed after cannulation of the left anterior descending 
artery, during which coronary flow and systolic shortening 
returned to stable rest levels. At the end of this recovery 
period, arterial samples were drawn from the carotid artery 
and distal coronary perfusion line to measure hemoglobin 
and platelet and leukocyte counts with leukocyte differen- 
tials. Regional myocardial blood flow at rest was then 
measured by microspheres before systolic myocardial short- 
ening, and hemodynamic measurements, including left ven- 
tricular pressure and dP/dt, coronary perfusion pressure and 
flow, systemic arterial pressure and lead II of the electrocar- 
diogram (ECG), were recorded on chart paper (Gould Brush 
200). Data were also digitized at 150 Hz by a Tecmar 12 bit 
analog to digital converter and stored on computer diskette 
(North Star Horizon) for later analysis. At the same time, the 
end-systolic pressure-segment length relation was deter- 
mined by continuously recording left ventricular pressure 
The distal perfusion line to the left anterior descending 
artery was then clamped for 10 min. During this time, an 
injection of microspheres was made into the left atrium to 
measure collateral flow to the ischemic bed. No antiarrhyth- 
mic drugs were given during the experiment. Ischemia of the 
myocardium surrounding the sonomicrometer crystals was 
confirmed by the appearance of systolic segment lengthen- 
ing. On release of the flow occlusion, a hyperemic response 
was observed, and a recovery period of 20 min was allowed 
for coronary flow to return to baseline before hemodynamic 
measurements were repeated. Arterial blood samples for 
measurement of hemoglobin and leukocyte counts were 
again collected at 20 min after ischemia to confirm continu- 
ing neutropenia in the filter group. Microsphere measure- 
ments of regional coronary flow were also repeated during 
rest conditions at this time. Hemodynamic measurements. 
systolic myocardial shortening and the end-systolic pres- 
sure-length relations were then recorded at rest and during 
graded intracoronary infusion of dobutamine. according to 
the same protocol used before coronary occlusion. As with 
the preischemia measurements, approximately 45 min was 
required after the recovery period to complete the hemody- 
namic measurements in the postischemic myocardium. 
At the end qf‘the study, the coronary perfusion line was 
occluded, and monastral blue dye was injected into the left 
atrium to define the ischemic region and confirm accurate 
placement of the sonomicrometer crystals. The heart was 
then arrested by intraatrial injection of potassium chloride 
and excised. After sectioning into five transverse slices, the 
heart was incubated in 2% triphenyltetrazolium chloride for 
20 min at 37°C and photographed in color to detect any 
necrosis (32). The sites of the sonomicrometer crystals were 
marked with pins. The heart was then placed in 10% formalin 
for later microsphere counting. 
Data analysis. Systolic myocardial segment shortening 
was calculated as (end-diastolic length - end-systolic length) 
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Table 1. Hematologic Variables in Control and Neutropenic Groups Before and After 
Coronary Occlusion 
Aorta 
Control 
LAD 
Neutropenic 
Aorta LAD 
Preocclusion 
Hb (g/l00 ml) 12.6 + 0.6 13.1 + 0.3 11.6 + 0.3 11.9 + 0.7 
Leukocytes (/PI) 3,334 + 448 3,238 % 537 3,994 + 591 355 + 48* 
Neutrophils (/PI) 1,826 + 264 1,803 ? 355 2,334 t 511 22 c 11’ 
Platelets (X lO’/pl) 91 5 22 94 + 25 13 + 23 13 + 4* 
Postocclusion 
Hb (g/l00 ml) 12.1 ? 0.7 12.7 If: 0.5 10.9 ? 1.0 11.1 ?r 1.0 
Leukocytes (IFI) 3,291 ? 511 3,241 + 537 1.870 + 357 487 ? 28* 
Neutrophils (ipI) 1,877 + 389 1,826 + 399 962 ? 242 16 t 8* 
Platelets (X 103/yl) 70 + 19 63 + 20 33 r 10 22 2 4* 
*p < 0.01 versus control. LAD = left anterior descending coronary artery; Hb = hemoglobin. 
X loo/end-diastolic length. End-diastolic length was mea- 
sured just before the onset of positive left ventricular dP/dt, 
and end-systolic length was measured 20 ms before peak 
negative left ventricular dP/dt (33). Reported values of sys- 
tolic fractional shortening are the mean of at least three beats. 
The end-systolic pressure-segment length relation has 
been employed as a load-independent measure of regional 
myocardial contractility (29,30). The instantaneous left ven- 
tricular pressure and length data obtained during gradual 
aortic occlusion were used to calculate this relation, defined 
as Ees = Pes/(Les - Lo), where Ees = slope of the end- 
systolic pressure-length relation, Pes = left ventricular end- 
systolic pressure, Les = end-systolic segment length and Lo 
= length-axis intercept of the relation. The relation was 
determined from least squares linear regression analysis of 
left ventricular end-systolic pressure on end-systolic segment 
length, which was used to calculate the slope of the end- 
systolic pressure-length relation and the length-axis intercept 
of the relation. Iterative regressions were performed until 
calculated values of these variables were constant. 
Hemodynamic and myocardial shortening data were an- 
alyzed within groups by repeated measures analysis of 
variance (34). Individual hemodynamic variables were com- 
pared between groups by Student’s t test. Differences in 
end-systolic pressure-length relations at each dose of dobu- 
tamine were compared by analysis of variance for the slope 
of the end-systolic pressure-length relation and for end- 
systolic segment length at a left ventricular end-systolic 
pressure of 100 mm Hg. Data are presented as mean values 
? SEM, and a p value ~0.05 is regarded as significant. 
Results 
Effect of filters on neutrophil counts (Table 1). In each 
dog, the sonomicrometer crystals were placed well within 
the ischemic left anterior descending artery territory. No 
heart demonstrated evidence of myocardial necrosis on 
triphenyltetrazolium staining. The effect of the filters on 
neutrophil counts in blood perfusing the left anterior de- 
scending artery territory is shown in Table 1. Hemoglobin 
levels did not differ significantly between the control and 
neutrophil-depleted groups. However, the filters resulted in 
severe neutropenia in blood perfusing the left anterior de- 
scending artery territory. In all but two dogs in the filter 
group, neutropenia was total and there was also moderate 
systemic neutropenia in this group. During measurement of 
myocardial function after 10 min of coronary occlusion, the 
degree of neutropenia was similar to preocclusion levels. 
The platelet count was also significantly reduced in the filter 
group at each stage of the study. 
Regional myocardial blood flow (Table 2). During the 
preocclusion control period, regional myocardial blood flow 
in the left anterior descending artery territory was similar in 
the control and neutropenic groups. Furthermore, coronary 
flow at rest in the cannulated left anterior descending artery 
territory was similar to that in the uncannulated circumflex 
artery territory. During 10 min of occlusion of the left 
Table 2. Regional Mean Transmural Myocardial Blood Flow 
(ml/min per g) in Control and Neutropenic Groups 
Control Neutropenic 
LAD territory 
Preocclusion 
LAD occlusion 
Postocclusion 
LCx territory 
Preocclusion 
LAD occlusion 
Postocclusion 
0.85 t 0.17 1.09 + 0.11 
0.10 ” 0.03 0.18 ? 0.06 
0.90 f 0.18 I.18 ? 0.15 
0.84 ? 0.08 1.03 ? 0.17 
1.21 + 0.26 1.41 + 0.36 
1.12 ? 0.23 1.49 % 0.22 
LAD = left anterior descending coronary artery; LCx = left circumflex 
artery. 
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Table 3. Hemodynamics During Rest Conditions and lntracoronary Dobutamine Infusion Before 
and After Coronary Occlusion 
Preischemia Post&hernia 
Rest Dobutamme Ixhemla Rest Dobutamme 
Control 
Heart rate (beatsimin) 146 -’ 7 142 i 8 131 2 1 131 + 5” 119 - 6 
LV systolic (mm Hg) pressure 117 ? 5 III t6 X6 t 6 95 -t xi 95 ? 4* 
LV diastolic pressure (mm Hg) 4+1 3kl Sil 3kl 3: I 
Mean aortic (mm Hg) pressure II0 t 5 99 f 5 7 +- 6 87 ? 5” x1 i 3’ 
Mean LAD (mm Hg) pressure 100 2 6 I05 2 7 I7 2 3 98 i- 5 95 : 4 
Neutropenic 
Heart rate (beatsimin) I31 2 6 I18 ? 6 I31 i 7 128 i- 8 1161’7 
LV systolic (mm Hg) pressure 98 -t 4: 96 + 5 x3 -’ 4 86 2 4” 94 ? 4 
LV diastolic (mm Hg) pressure 62 I 62 I: 751 6t 1% 5 i- Ii 
Mean aortic (mm Hg) pressure 86 f 6: 80 2 6i: 69 ? 5 71 t 5: 75 r 4 
Mean LAD (mm Hg) pressure 94 i- 3 99 + 6 13 2 3 89 -’ 4 89 t 7 
*p < 0.05: tp < 0.01 versus preocclusion: $p < 0.05 versus control. LAD = left anterior descending artery; 
1 V = left ventricle. Data shown for dobutamine infusion rate of I5 pg/min. 
anterior descending artery, mean collateral inflow was 
slightly greater in the neutropenic group (0.18 mlimin per g: 
range 0.02 to 0.37) than in the control group (0.10 ml/min per 
g; range 0.01 to 0.22). but the difference was not significant. 
After release of the coronary occlusion, coronary flow at rest 
in the left anterior descending artery territory was again 
similar in the control and neutropenic groups. 
Hemodynamics (Table 3). In the prestunning period, 
heart rate was similar in the control and neutropenic groups, 
but peak left ventricular systolic pressure and mean aortic 
pressure were higher in the control group during both rest 
conditions and intracoronary infusion of dobutamine. After 
10 min of coronary occlusion, there was a decrease in peak 
left ventricular systolic pressure and mean aortic pressure in 
both groups. Left ventricular end-diastolic pressure was 
slightly higher in the neutropenic group during rest and 
dobutamine studies. At each stage of the study, mean left 
anterior descending artery perfusion pressure was similar in 
the two groups. 
Myocardial function. Systolic myocardial segment short- 
ening during the initial rest study was similar in the control 
(15.4 ? 1.7%) and neutropenic (12.4 2 2.2%) groups (Fig. 2). 
In both groups, intracoronary infusion of dobutamine re- 
sulted in a significant increase in systolic shortening. There 
was no difference in myocardial shortening at the peak 
dobutamine dose between the control and neutropenic dogs. 
After 10 min oj’coronary occlusion and 20 min of reper- 
fusion, systolic segment shortening was significantly re- 
duced in the control group to 5.6 t 2.6% (p < 0.01 versus 
preocclusion). Shortening was also reduced in the neutrope- 
nit group to a similar degree (4.5 2 2.3% p < 0.01 versus 
preocclusion p = NS versus control) (Fig. 3). This postisch- 
emit dysfunction was associated with increased end-systolic 
length in each group, but there was no change in end- 
diastolic length after ischemia (Fig. 4). 
After stunning, intracoronary dohutamine continued to 
produce improved systolic shortening in both groups (Fig. 
2). In the control group, systolic segment shortening in- 
creased from 5.6 i 2.6% during rest conditions to 10.8 t 
1.6% (p < 0.01) at a dobutamine dose of 15 pgimin. Simi- 
larly, in the neutropenic group, systolic shortening increased 
to 9.6 2 2.6% (p < 0.01 versus rest, p = NS versus control) 
at a dobutamine dose of 15 pg/min. However, systolic 
shortening remained below preischemic levels at each dose 
of dobutamine in both the control and neutropenic groups. 
End-systolic pressure-length relation (Table 4). Changes 
in this relation with graded doses of dobutamine are summa- 
Figure 2. Systolic myocardial shortening during rest conditions and 
graded doses of intracoronary dobutamine before and after coronary 
occlusion. The period of ischemia is indicated by the bar on the x 
axis between 70 and 80 min. There were no significant differences 
between the control (n = 8) and neutropenic (n = 8) groups at any 
stage (mean + SEM, *p < 0.05 versus no dobutamine preischemia; 
**p < 0.05 versus no dobutamine postischemia: +p < 0.05 versus 
corresponding preischemia measurement). 
DOBUTAMINE pg/min DOBUTAMINE &min 
0 5 10 15 0 5 10 15 
o--oControl 
??-•Neutropenic 
20 40 60 80 100 120 140 
TIME AFTER CANNULATION (minutes) 
+ 
160 
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Figure 3. Individual changes in systolic myocardial shortening after 
10 min of coronary occlusion in control and neutropenic dogs. Data 
shown for rest conditions before (PRE) and after (POST) coronary 
occlusion. Mean systolic shortening before and after occlusion is 
also shown for each group (*p < 0.01 versus preocclusion value). 
rized for the control and neutropenic groups in Table 4. The 
slope of the relation increased and the segment length (at a 
left ventricular end-systolic pressure of 100 mm Hg) shifted 
to the left with increasing doses of dobutamine, indicating 
increased myocardial contractility. Although the maximal 
slope of the relation was lower in the neutropenic group, the 
difference between control and neutropenic groups was not 
significant. After 10 min of ischemia, the end-systolic seg- 
ment length at a ventricular pressure of 100 mm Hg was 
significantly increased during both basal conditions and 
dobutamine infusion. The slope of the end-systolic pressure- 
length relation was increased by dobutamine and was greater 
than the preischemic baseline slope in both control and 
neutropenic groups. The maximal slope of the relation in 
PRE-OCCLUSION 
EDL ESL 
POST-OCCLUSION 
EDL ESL 
1 
0 CONTROL eZa NEUTROPENIC 
Figure 4. End-diastolic (EDL) and end-systolic (ESL) segment 
length during rest conditions before and after coronary occlusion. 
Data shown for control and neutropenic groups (mean k standard 
error of the mean, *p < 0.05 versus preocclusion). 
stunned myocardium was reduced in both groups, however. 
It was lower in the neutropenic group, but there was no 
significant difference between values in the control and 
neutropenic dogs. 
Discussion 
Oxygen free radicals and myocardial ischemia. Recent 
evidence (11) suggests that myocardial stunning may be 
partly caused by oxygen free radicals generated during 
ischemia or reperfusion. In three separate studies (4-6), 
treatment with the free radical scavengers superoxide dis- 
mutase and catalase enhanced functional recovery after 15 
min of ischemia in the dog. Protection against stunning has 
also been demonstrated with desferrioxamine, an inhibitor of 
Table 4. End-Systolic Pressure-Segment Length Relations Before and After Coronary Occlusion 
Dobutamine Dose (pglmin) 
Basal 5 10 15 
Preocclusion 
Control 
Ees (mm HgImm) 
LlOO (mm) 
Neutropenic 
Ees (mm Hg/mm) 
LIOO (mm) 
76 !I 13 
9.1 + 0.8 
53 t 10 
9.6 t 0.9 
180 + 30* 
8.4 + 0.8* 
168 + 41* 
9.2 + 1.0 
Postocclusion 
257 + 38* 294 f 72* 
8.3 t 0.8* 8.3 ? 0.8* 
179 r 50’ 239 t 65* 
8.8 + 0.9* 8.7 ? 0.9* 
Control 
Ees (mm Hg/mm) 52 + 5 129 -t 28* 166 + 33*t 215 + 45*t 
LIOO (mm) 10.1 r 0.8t 9.5 + 0.7t 9.3 r 0.7*t 9.3 + 0.7*t 
Neutropenic 
Ees (mm/H@ 55 * 17 101 5 29 130 2 35* 134 + 42*t 
LloO (mm) 11.1 2 1.1t 10.4 + 1.0t 9.9 k 0.9*t 9.8 + 0.9*t 
*p < 0.05 versus basal: tp < 0.01 versus preocclusion. Ees = slope of end-systolic pressure-segment length 
relation: LlOO = end-systolic segment length at left ventricular end-systolic pressure = 100 mm Hg. 
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hydroxyl radical formation (9,10), and with the hydroxyl 
radical scavenger dimethylthiourea (8). 
Several possible sources of oxygen radicals exist in the 
ischemic myocardium, including the vascular endothelium, 
which contains significant amounts of xanthine oxidase in 
the dog and several other species (12,13), and the neutrophil, 
which produces superoxide radicals by means of the neutro- 
phi1 nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase pathway (14,15). In particular, neutrophils have 
been implicated as a possible cause of reperfusion injury 
after 90 min of coronary occlusion in the dog (16,17). 
Treatment with agents to reduce neutrophil chemotaxis (35- 
37) or administration of antineutrophil serum to reduce 
circulating neutrophil numbers (16) has been shown to limit 
myocardial infarct size. It has been proposed that neutro- 
phils may also be involved in the pathogenesis of myocardial 
stunning by means of free radical production during ischemia 
and reperfusion (23). 
Neutropenia and myocardial stunning. The findings of the 
present study, however, do not support a role for neutrophils 
in the causation of stunned myocardium. In this study, the 
extracorporeal filters resulted in severe neutropenia both 
before and after coronary occlusion. The need to prime the 
coronary perfusion circuit with dextran resulted in a small 
reduction in hemoglobin levels in both groups. Although the 
hemoglobin level was slightly lower in the filter group, mild 
hemodilution can also increase microvascular flow velocity 
in ischemic tissue (38) and slightly greater collateral flow 
was observed in the filter group. Despite this, the impair- 
ment of systolic shortening after 10 min of ischemia was 
similar in the control and neutropenic groups. These results 
are consistent with those of Bolli (7), who found that 
systemic neutropenia induced by goat antiserum did not 
prevent myocardial dysfunction after 15 min of ischemia in 
dogs. * 
In this study, overall hemodynamics were similur in the 
control and neutropenic groups. The slightly lower mean 
arterial pressure and slightly higher left ventricular end- 
diastolic pressure in the neutropenic group might be ex- 
pected to favor postischemic myocardial shortening in this 
group, but this was not observed. Because systolic shorten- 
ing of postischemic myocardium may vary with ventricular 
loading conditions (39), the present study also employed the 
end-systolic pressure-segment length relation as a load- 
independent measure of regional myocardial contractility 
(29,30). In postischemic myocardium, the end-systolic pres- 
sure-length relations were shifted down and to the right, 
reflecting reduced contractility. The degree of shift of the 
end-systolic pressure-length relation at rest was similar in 
the control and neutropenic groups, consistent with equiva- 
lent impairment of myocardial function (40). Although do- 
butamine shifted the end-systolic pressure-length relations 
upward and to the left, indicating increased contractility, the 
postischemic relations remained to the right of the corre- 
sponding preischemic relations in both groups. 
The improved function of postischemic myocardium with 
dobutamine is consistent with previous studies (41) in un- 
cannulated coronary preparations demonstrating that maxi- 
mal inotropic stimulation with epinephrine can restore con- 
tractility of stunned myocardium toward preischemic levels. 
Although postischemic systolic shortening during inotropic 
stimulation remained below baseline levels in the present 
study, the slope of the end-systolic pressure-length relation 
of stunned myocardium did increase beyond normal baseline 
levels during dobutamine infusion in both control and neu- 
tropenic groups. It is also possible that a dobutamine dose of 
15 pg/min did not result in maximal inotropic stimulation, 
but higher doses were not employed because of the appear- 
ance of ventricular ectopic beats during determination of the 
end-systolic pressure-length relations. 
Proposed benefits of neutropenia. In contrast to our re- 
sults, two studies (23.42) have described an apparent bene- 
ficial effect of leukocyte depletion on postischemic function. 
A report by Westlin and Mullane (42) noted a temporary 
improvement in myocardial function after brief coronary 
ischemia in neutropenic dogs, but myocardial function pro- 
gressively deteriorated during the reflow period. The inves- 
tigators postulated that the late deterioration was due to 
residual neutrophils in the perfusing blood. In another study, 
Engler and Covell (23) reported that systolic myocardial 
shortening after 15 min of ischemia was normal or even 
exceeded preocclusion shortening in dogs with neutrophil 
depletion induced by extracorporeal filtration. In contrast, 
after a second occlusion without leukocyte filters, systolic 
shortening was mildly impaired to approximately 70% of 
preischemic levels. These workers suggested that >90% 
depletion of neutrophils was required to prevent postische- 
mic dysfunction. 
Our present study employed a similar method of neutro- 
phi1 depletion and achieved near total neutropenia compara- 
ble with that described by Engler and Cove11 (23). One 
feature of their study is that the experimental protocol 
required two sequential coronary occlusions, the second of 
which was always the control (neutrophil filters removed). 
However, additional ischemic or reperfusion damage may 
have been produced by repeated occlusion, thereby con- 
founding comparison of the two occlusion periods. Indeed, 
several reports (43,44) have demonstrated that cumulative 
myocardial dysfunction occurs after repeated brief coronary 
occlusions. As a result, in the present study, animals were 
randomly allocated to control or neutrophil-depleted groups 
and only a single 10 min occlusion was employed. Another 
important difference is that the previous study began mea- 
surement of systolic shortening immediately after release of 
the flow occlusion. In contrast, the present study allowed a 
20 min recovery period because hyperemic coronary flow 
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occurring on release of a 10 min occlusion is associated with 
increased systolic shortening in stunned myocardium (39). 
Mechanisms of neutrophil-mediated injury. The postu- 
lated mechanisms by which neutrophils might cause myo- 
cardial stunning include oxygen free radical production and 
capillary plugging. In view of the previously demonstrated 
beneficial effect of free radical scavengers on myocardial 
stunning, our results strongly suggest that nonneutrophil- 
derived sources of oxygen radicals are more important in the 
mechanism of myocardial stunning. During ischemia and 
reperfusion, endothelial xanthine oxidase may produce sig- 
nificant amounts of superoxide (13), and catecholamine 
oxidation (45) and mitochondrial oxidative processes (46) 
can also result in superoxide accumulation. Thus, sufficient 
endogenous sources of oxygen free radicals may exist and 
result in postischemic dysfunction without any major con- 
tribution from circulating neutrophils. 
After prolonged myocardial ischemia, neutrophil 
“plugging” of capillaries does appear to be a mediator of 
the no reflow phenomenon (18,19,47). It has been suggested 
that brief periods of ischemia may also result in increased 
neutrophil-endothelial adherence and microvascular flow 
occlusion. Such microvascular occlusion could result in 
heterogeneous regional ischemia and reduced contractility 
(23), even though total myocardial flow may be normal, 
because of recruitment of neighboring unoccluded capillary 
beds (48). The findings of present study are against such 
neutrophil capillary plugging being a major contributor to 
postischemic myocardial dysfunction. These results are sup- 
ported by other studies in our laboratory indicating that 
coronary flow reserve is normal in stunned myocardium. If 
myocardial dysfunction were due to capillary plugging, with 
microvascular flow maldistribution similar to that described 
by Hori et al. (48), coronary flow reserve would be reduced. 
Conclusions. The degree of myocardial contractile im- 
pairment observed after 10 min of coronary occlusion was 
not altered by profound neutrophil depletion. In contrast to 
the apparent role of neutrophils in mediating reperfusion 
injury after prolonged coronary occlusion, neutrophils do 
not appear to play a significant role in mediating myocardial 
dysfunction after brief coronary occlusions. 
We gratefully acknowledge the valuable assistance of the technicians in our 
research laboratory, Anthony F. DiPatrIa, Jr. and Alexander “Skins” Wright, 
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